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ARTICLE OPEN
Severe effects of long-term drought on calcareous grassland
seed banks
Sofía Basto 1, Ken Thompson2, J. Philip Grime2, Jason D. Fridley3, Sara Calhim4, Andrew P. Askew3 and Mark Rees 2
Climate change models project shifts in precipitation patterns at regional and global scales. Increases in dry areas and the
occurrence of drought predicted in future scenarios are likely to threaten grassland ecosystems. Calcareous grassland seed banks
have proven to be resistant to short-term drought, but their responses to long-term drought are unknown. Here we show that 14
years of summer drought changed calcareous grassland seed bank composition, reducing its size and richness, and that these
responses do not simply reﬂect patterns in the above-ground vegetation. Moreover, the effect of drought was larger on seed banks
than on vegetation, and above-ground responses mediated by soil depth were less evident in the seed bank than in the vegetation.
These results demonstrate that the severity of drought effects on calcareous grasslands is larger than previously thought, and show
that this ecosystem is highly vulnerable and has low resilience to predicted decreases in soil moisture.
npj Climate and Atmospheric Science  (2018) 1:1 ; doi:10.1038/s41612-017-0007-3
INTRODUCTION
Climate change has impacted ecosystems on all continents,
especially in recent decades, and has been attributed, in part, to
changes in precipitation patterns.1 Shifts in rainfall constitute a
major threat to some highly biodiverse ecosystems, such as semi-
natural grasslands.2 Because the amount and timing of rainfall
have large effects on several biological processes in grasslands,3
changing quantities and patterns of precipitation alter the
composition of their plant communities4–6 and reduce their
productivity.7 This is concerning because grassland is one of the
most widespread biomes in the world, supporting many endemic
species.8 Speciﬁcally, calcareous grasslands are among the most
diverse and threatened plant communities in Europe,9,10 contain-
ing between 20 and 50 different vascular plants per square metre,
many of them rare or threatened.9 Therefore, calcareous grassland
is an ecosystem of high conservation value10,11 and high aesthetic
appeal.11 Understanding its resilience to environmental change is
essential for conservation strategies.10 Nevertheless, predictions of
how grassland communities will respond to altered precipitation
regimes are limited by the lack of understanding of these
inherently complex ecosystems3 and species-speciﬁc responses.12
This lack of understanding is particularly problematic for the soil
seed bank.13
Although altered precipitation regimes, in the context of
climate change, may have direct inﬂuences on seed size and
seed bank persistence,14 predicting the effects of changes in
rainfall patterns on seed longevity and consequently on seed
banks is difﬁcult. This is due to the complexity of the relationships
between soil moisture content and seed longevity,15 and between
rainfall and other environmental variables.13 There has been little
work focussing on potential direct effects (i.e. on seed viability and
longevity) of altered precipitation regimes on grassland seed
banks, and research has generally addressed the effects of
temperature shifts.16 Moreover, most studies have been limited
to short-term effects.17,18 For example, a seed burial study
conducted on calcareous grasslands found no evidence of any
direct effect on seeds after 2 years of additional summer rainfall
and winter warming.18 In addition, another 6-year study did not
ﬁnd signiﬁcant evidence for any direct effect of summer drought
on seed banks.17 However, so far, the effects of long-term altered
precipitation regimes on grassland seed banks have not been
quantiﬁed. Because the consequences of drought may be
detected only after several decades,19 there is a possibility that
only after prolonged changes in precipitation will there be
noticeable effects on the seed bank.17
More attention has been paid to the indirect effects of changes
in precipitation patterns on grassland seed banks. First, germina-
tion in response to soil moisture is species-speciﬁc,20–22 with
moisture affecting both the percentage and speed of germina-
tion20 or having a weak effect buffered by soil type.22 Second,
changes in rainfall might modify the soil microbial community,
which is the primary cause of seed death for some grassland
species.23,24 For example, the combination of additional summer
rainfall and winter warming had no signiﬁcant direct effect on
seed banks after 2 years, but the seed longevity of some grassland
species tested was increased by applying fungicides.18 These
results indicate a possible effect of climate change on soil
microorganisms and indirectly on seed banks. Third, above-
ground responses may affect seed bank structure. For instance,
vegetation responses to 3 years of reduced precipitation led to
increased similarity between above- and below-ground popula-
tions.5 Another study has shown that the Arabidopsis thaliana seed
bank increased after 6 years of summer drought, possibly as a
consequence of the creation of vegetation gaps which facilitated
the expansion of this species by increasing plant survival and seed
production.17 Nevertheless, so far it has not been tested if the
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effects of long-term altered precipitation regimes on above-
ground ﬂora are reﬂected in the seed bank or if seed bank
responses are largely independent.
Understanding the indirect effects of altered precipitation
regimes on seed banks, via the above-ground vegetation, is
challenging as vegetation responses are modiﬁed by other
environmental factors. Above-ground studies have revealed that
plant responses to altered precipitation regimes are mediated by
micro-topographic or micro-environmental effects.25–27 Speciﬁ-
cally, in calcareous grasslands resistance is linked to community
reorganization at the microsite level facilitated by soil depth.26 For
example, at the Buxton Climate Change Experiment (England, UK),
some species have moved to areas of deeper soil while others
have moved to shallower soil in response to long-term precipita-
tion treatments.26 Similar responses have been recorded in south-
western Belgium, where populations growing on shallow soils
were less buffered against drought compared with those
occurring on deeper soils.28 However, it is not known whether
seed banks show similar responses, which would occur as a
consequence of a reorganisation of the seed bank according to
soil depth (i.e. species changing distribution in response to altered
precipitation regimes).
Here, we investigate the effects of 14 years of altered
precipitation regimes on the size, composition and richness of
the seed bank in calcareous grassland plots in the Buxton Climate
Change Impacts Laboratory (BCCIL) at Harpur Hill, a site near
Buxton, UK. The BCCIL has been conducting one of the longest-
running studies about the effects of climate change on the
calcareous grassland structure, composition and function;29 in fact,
this is the second longest-running experiment in the world about
the impacts of climate alteration on semi-natural vegetation.30
Annual rainfall and temperature regimes have been manipulated,
since 1993, based on the predictions for climate change in the UK
by 2080.29 At the plot scale (9 m2), the vegetation of this
calcareous grassland showed resistance to precipitation shifts.29
However, at small scales (100 cm2), studies revealed that the
stability of this plant community was mediated by soil hetero-
geneity, speciﬁcally the marked spatial variation in soil depth
recorded in the experimental site.26 Here, we examine the long-
term effects of both increased and reduced rainfall, and the role of
both above-ground ﬂora responses and variation in soil depth on
seed banks. We expect our results to enhance our understanding
of the effects of climate change on ecosystems. Seed banks
represent biodiversity reservoirs for grasslands and other ecosys-
tems on a global scale,31 playing an important role in the
maintenance of genetic and species diversity,32,33 and in the
reestablishment of species lost from the above-ground vegeta-
tion.34 Moreover, they reduce the risk of extinction as a
consequence of a single environmental event such as drought
or ﬂooding.35 Therefore, seed banks are often thought to buffer
the responses of plant communities to climate variation,36
providing potential resilience to disturbance or environmental
shifts,31 and to decrease extinction vulnerability under climate
change.37 It is therefore crucial to discover whether these
assumptions are correct for calcareous grassland communities.
RESULTS
Seed bank size and richness
There was no signiﬁcant effect of long-term supplemental
summer rainfall on calcareous grassland seed bank size or
richness (P > 0.1 in all cases). However, total abundance of the
seed bank was reduced by 37% after 14 years of summer drought
(GLMM; estimate ± s.e. of the estimate of the ﬁxed effect
parameter in the model = −0.46 ± 0.13; z-test = −3.5, P < 0.001)
(Fig. 1a), and drought reduced species richness by 29.2% (GLMM;
−0.35 ± 0.13; z = −2.7, P < 0.01) (Fig. 1b). Drought had a signiﬁcant
effect on seed bank composition (treatment was signiﬁcantly
correlated with the NMDS ordination structure, r2 = 0.49, P < 0.001,
Fig. 2); of the 23 species recorded in the seed bank, the drought
and control treatments had only 9 species in common (Table 1).
Seed bank size and richness decreased signiﬁcantly with
increasing soil sample depth across all the treatments (GLMM;
−0.09 ± 0.02; z = −5.7, P < 0.00001 and −0.09 ± 0.02; z = −5, P <
0.00001 respectively) (Fig. 1a, b).
Functional groups and the most abundant species
There was no signiﬁcant effect of supplemental summer rainfall
on the abundance of any functional group (grasses, sedges, forbs)
or the most abundant species (P > 0.1 in all cases). However,
summer drought signiﬁcantly reduced seed bank abundance of
forbs by 32.3% and sedges by 78% (GLMM; −0.39 ± 0.15; z = −2.7,
Fig. 1 Effect of altered precipitation regimes on seed banks of a calcareous grassland after 14 years of precipitation shifts at Buxton. a Number
of seeds. b Number of species. The long-term summer drought reduced the total seed abundance and species richness. Across all the
treatments, the number of seeds a and species b declined with increasing soil sample depth. The ﬁgure shows the scatter plots with the ﬁtted
curves
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P < 0.01 and GLMM; −1.5 ± 0.5; z = −3.1, P < 0.01 respectively), but
there was no effect of drought on grass seed abundance (GLMM;
−0.35 ± 0.4; z = −0.9, P = 0.4). Among the two most abundant
species in the seed bank, the abundance of H. pulchrum was
reduced by drought by 42% (GLMM; −0.54 ± 0.18; z = −3, P < 0.01),
while the size of the C. rotundifolia seed bank became more than
double in the drought treatment (GLMM; 1.1 ± 0.4; z = 3, P < 0.01).
Carex pulicaris, C. panicea and Potentilla erecta were not abundant
enough in the seed bank to be analysed separately, but were
notably absent from the plots under drought.
Across all treatments, fewer seeds of forbs (GLMM; −0.06 ± 0.02;
z = −3.5, P < 0.001), sedges (GLMM; −0.31 ± 0.07; z = −5, P <
0.00001) and grasses (GLMM; −0.1 ± 0.04; z = −2.6, P < 0.01) were
recorded with increasing soil sample depth. There was also a
marginally signiﬁcant decrease in the abundance of H. pulchrum
as soil sample depth increased (GLMM; −0.04 ± 0.02; z = −2, P =
0.051), but the number of seeds of C. rotundifolia did not vary with
sample depth (GLMM; −0.05 ± 0.05; z = −1, P = 0.34).
Relationship between vegetation and seed bank
Both vegetation and seed bank species composition were
changed signiﬁcantly by drought (r2 = 0.92, P < 0.001) (Fig. 3).
Moreover, the similarity between the seed bank and the above-
ground plant community under drought was reduced (Supple-
mentary Fig. 1); under this treatment, of the 31 species recorded in
the standing vegetation, only 8 were recorded in the seed bank
(Supplementary Table 1). Overall, the result of NMDS showed that
species composition of seed banks and vegetation above-ground
were different. The ﬁrst axis clearly separated seed bank from
Fig. 2 Two-dimensional non-metric multidimensional scaling
(NMDS) ordination of seed banks after 14 years of altered
precipitation regimes at Buxton, UK. Ordination is based on species
abundance data; there were 5 plots in each treatment. Text shows
centroids for precipitation treatments. The lines connect plots points
to their centroids. The ordination analysis conﬁrmed a difference
between seed bank communities in control plots and those under
drought
Table 1. Species composition of seed banks in calcareous grassland soil under different precipitation treatments at Buxton (Derbyshire)
Species Control Watered Drought
A. capillaris x A.vinealis 3 1 2
Agrostis capillaris 14 16 11
Agrostis vinealis 17 8 13
Anthoxanthum odoratum 1 0 0
Campanula rotundifolia 13 12 32
Carex caryophyllea 1 0 0
Carex ﬂacca 9 12 6
Carex panicea 5 6 0
Carex pulicaris 14 15 0
Danthonia decumbens 4 4 0
Helianthemum nummularium 1 1 1
Holcus lanatus 1 1 0
Hypericum pulchrum 138 109 70
Koeleria macrantha 0 0 2
Lathyrus linifolius 1 0 0
Lotus corniculatus 1 0 0
Luzula campestris 1 0 0
Plantago lanceolata 6 5 3
Potentilla erecta 11 5 0
Sanguisorba minor 3 0 1
Scabiosa columbaria 5 4 0
Urtica dioica 1 2 0
Viola riviniana 0 1 0
Total 250 202 141
The total number of seedlings obtained from the seed banks is shown
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vegetation (Fig. 3). Across all precipitation treatments 18 species
were recorded in both communities (Supplementary Table 1).
These differences in species composition were also consistent
with the fact that there was no signiﬁcant effect of the number of
species above-ground on below-ground species richness (GLM;
0.04 ± 0.06; z = 0.7; df = 1, 11; P = 0.49). Moreover, the relative
abundance of species in the vegetation was not related to the
relative abundance of seeds in the soil (GLM; P > 0.05 in all cases).
In addition, although the seed banks of both H. pulchrum and C.
rotundifolia were signiﬁcantly affected by reduced precipitation,
above-ground vegetation cover of neither of these species was
affected signiﬁcantly by altered precipitation regimes (GLM; P >
0.05 in all cases). The distribution of treatments along the second
axis of the NMDS shows that changes in both the vegetation and
seed bank were aligned similarly, although there is a suggestion of
a diverging trend (Fig. 3). This is reﬂected in the species
composition; in the control, vegetation and seed bank had
16 species in common, while this was reduced to 8 under drought
(Supplementary Table 1).
Seed bank distribution in relation to soil depth
There was no effect of spatial variation in soil depth on seed bank
species richness or abundance (GLMM; 0.001 ± 0.01; z = 0.15, P =
0.88 and GLMM; 0.006 ± 0.01; z = 0.7, P = 0.5 respectively). More-
over, the abundance of forbs, sedges, C. rotundifolia and H.
pulchrum did not change along a gradient of soil depth (GLMM;
−0.0001 ± 0.01; z = 0.01, P = 1; GLMM; −0.02 ± 0.02; z = −1, P = 0.33;
GLMM; 0.0004 ± 0.02; z = 0.02, P = 1 and GLMM; −0.001 ± 0.01; z =
−0.09, P = 0.9 respectively). However, the number of seeds of
grasses increased signiﬁcantly in soils with depth greater than 10
cm (GLMM; 0.04 ± 0.02; z = 2.09, P = 0.04).
DISCUSSION
Since the middle of the 20th century, arid and dry areas have
increased considerably at global scales and climate models project
increases for the 21st century.38 Moreover, short and long-term
droughts will become, respectively, two and three times more
common for most regions of the world.19 Although increases in
drought frequency and intensity have been detected in many
areas,3 there are also many uncertainties in model simulations
because, in part, processes that have an effect on drought, such as
vegetation dynamics, have not been integrated into the models.19
For grasslands, predictions show a reduction of cover and
productivity by summer drought.39 However, evidence from
climate manipulations shows that plant responses depend on
the link between community dynamics and some soil properties.26
Moreover, components of ecosystems with key roles in commu-
nity dynamics, such as seed banks, have not been sufﬁciently
integrated into climate change studies. Persistent seed banks have
been suggested to be crucial to the range expansion of species
under environmental shifts.37 Moreover, they buffer the response
of plant communities to altered precipitation regimes.36 Therefore,
seed banks are considered key determinants of ecosystem
resistance and resilience, 27,40 based on the results of short-term
climate manipulation experiments.17 Nevertheless, we have now
demonstrated that seeds in calcareous grassland soils are not
resistant to long-term summer drought.
Several mechanisms may explain the observed severe decline of
calcareous grassland soil seed banks in response to drought. First,
seed production may have been reduced. Drought increases fruit
abortion,28 reduces productivity with potential consequences on
yield,41 and reduces reproductive effort,42 which diminishes
ﬂowering.43 Drought favours clonal reproduction of some grass-
land species, which leads to a decrease in seed set.42,44 Second,
germination patterns might have been altered. At least in some
species, seed germination percentage is higher from plants
growing in dry soils compared with those from wet soils. 42,45
Moreover, germination varies within species in response to soil
water content, with some populations showing an increase in
germination as soil moisture decreases.46,47 Drought may increase
germination through maternal effects on seed dormancy,35 which,
in some species, is reduced in seeds produced by plants growing
in dry soils.35,48 In addition, seeds under drought stress show
abrupt changes in seed abscisic acid (ABA) content during their
development, and low sensitivity to exogenous ABA, which
increases their germination.49 Third, rehydration of seeds in the
soil is required to activate repair processes,50 and consequently to
increase their persistence.51 Therefore, under long-term drought,
exhaustion of seed physiological repair mechanisms could lead to
loss of seed viability.50 Finally, drought also modiﬁes the
availability of nutrients in the soil.52 For instance, nitrogen (N)
uptake is smaller in some species growing in dry soils,53 which
may then accumulate in the soil, with possible effects on the
grassland seed bank54 and soil pH,55 which in turn may have
consequences for the persistence of seeds in grasslands soils.56
Previous studies at our experimental site showed that, comparing
control and drought treatments, the mean plant N supply (the
sum of plant-available nitrate and ammonium) was doubled after
drought.26
Sometimes, the response of the soil seed bank to climate
variables may simply reﬂect the responses of the vegetation. In
this case, the NMDS ordination suggests that compositional
changes, at the community level, involving drought-resistant and
sensitive species, species characteristic of wetter sites,26 and
perhaps even the local genetic differentiation recorded in some
species above-ground25 might be mirrored in the seed bank.
Speciﬁcally, we found that both vegetation and seed bank
showed no response to supplemental summer rainfall. In response
to drought, the previously reported signiﬁcant reduction in
Fig. 3 Two-dimensional nonmetric multidimensional scaling
(NMDS) ordination of seed banks and above-ground vegetation
after 14 years of precipitation changes at Buxton, UK. Open symbols
represent above-ground vegetation data and closed symbols seed
bank data. Treatments are represented by colours: black= control,
blue=watered and red= drought. Ordination is based on the
relative abundance of species data. There were 5 plots in each
treatment. The location of ordination points indicates the degree of
similarity between each one. The ordination conﬁrmed a difference
between seed bank and above-ground vegetation communities
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drought-sensitive species associated with moist soils26,29 was
mirrored in the seed bank, although the effect of drought was
greater on seed banks than on above-ground vegetation;25,26
species of moist soils, such as C. panicea and P. erecta, simply
disappeared from the seed bank after 14 years of drought. In
contrast, C. rotundifolia and H. pulchrum, species whose seed
banks showed signiﬁcant responses to drought, did not show any
responses above-ground in a previous analysis of ours.26 Overall,
our results indicate that vegetation cover responses are not the
main driver of seed bank responses to altered precipitation
regimes, suggesting that drought could have an effect on seed
production and/or persistence. Unlike the reported changes in the
above-ground vegetation26 which were mediated by soil depth,
the changes in the seed bank were not affected by soil depth.
Only the grass seed bank seemed to respond to soil depth, as
evidenced by the presence of more seeds in the deepest soils. It is
interesting to speculate that this increased abundance in deeper
soils might be linked to the apparent resistance of the grass seed
bank to reduced precipitation. Moreover, even single droughts
events may have long-term and rather unpredictable effects on
grassland vegetation.57 This suggests that it is important for future
studies to measure the time-lags between the vegetation and
seed banks responses to altered precipitation regimes, speciﬁcally
in relation to soil heterogeneity.26
Overall, our results indicate that long-term summer drought has
large negative effects on limestone grassland seed banks, and
these cannot be explained simply by the effects on the vegetation.
Furthermore, the reorganization by drought of the plant commu-
nity at microsite level, mediated by soil depth, which is apparent
above-ground, is much less evident in the seed bank. Therefore,
seed bank responses are largely independent of changes in the
vegetation, which suggests that seed production or persistence
(or both) are reduced by long-term drought. Although our study
cannot discriminate which mechanism is more affected by
drought, an understanding of the mechanisms involved in these
responses might help us to predict the vulnerability of grasslands
to altered precipitation regimes. However, to the extent that
resilience depends on the soil seed bank, calcareous grasslands
may be less resilient to climate change than previously thought.
METHODS
Study site
The survey was conducted in the Buxton Climate Change Impacts
Laboratory (BCCIL) at Harpur Hill, near Buxton, Derbyshire, UK. The
experimental site is an ancient sheep pasture, unfertilized and steeply
sloping (35°) located at latitude 53° 20’ and 370m.a.s.l.29 The grassland
occurs on shallow soils on Carboniferous limestone with marked variation
in soil depth at ﬁne spatial scales.26 The infertile soils of this calcareous
grassland support a species-rich plant community dominated by long-
lived, slow-growing evergreen species.29 The site is currently fenced, but
was historically grazed by sheep and a small number of cattle and horses.
To preserve grazing effects, since 1994 the site has been cut in October to
a height of 4–5 cm and cut material removed.29
The long-term precipitation change plots
Three types of plots were sampled. (1) Summer drought (intercepted
rainfall): this treatment eliminates rainfall to the plots from July to August.
Summer drought has been imposed since 1994 using mobile, semi-
transparent shelters. The treatment was applied to the plots annually until
2004, after this date the treatment was applied every other year.29 (2)
Supplemented summer rainfall (watered): additional deionised water was
added to the plots regularly from June to September since 1994. This
addition is equivalent to a 20% increase in the 10-year Buxton average
precipitation (1972–1982).29 (3) Control plots, which were left untreated
(ambient conditions). The climate change treatments were applied in a
fully randomized block design replicated ﬁve times. Each replicate block
consisted of 3 × 3m plots. Within each 3 × 3m plot a central area of 2.5 ×
2.5 m was used for sampling to minimise edge effects.
Seed bank sampling and characterization
For seed bank sampling, the central 2.5 × 2.5 m area was subdivided in a
grid of 25 subplots of 50 × 50 cm. Ten of these were randomly selected for
soil sampling, with one core per chosen subplot extracted. Soil sampling
was carried out in April 2008, after natural winter stratiﬁcation and, before
spring germination and seed set. Soil cores, 2.5 cm in diameter, were taken
either to 20 cm or until the bedrock was reached. The samples were
subdivided into 2 cm depth intervals to analyse the effects of sample
depth. In addition, soil depth was measured at each seed bank sampling
point by using a 1m auger to analyse any possible effect of soil depth
variation. The total number of soil samples was 524 and the total volume of
soil sampled was 5144 cm3.
Seed bank characterization took place following the recommendations
of Thompson et al.58 The seedling emergence method was used to
characterise the seed bank. First, the vegetative plant parts were removed
from soil samples.58 Next, the samples were sieved (2.8 mm, 2mm and 710
µm) and all soil sieved was spread in germination trays in a layer of 1–3
mm on top of compost (Levington Professional Growing Medium-M3 High
Nutrient: peat based, standard pH (5.5–6) and low conductivity (450–550
µs). In addition, 100 germination trays were ﬁlled with compost only to test
for seed contamination. Trays were randomly distributed in a greenhouse
and maintained under 16 h- photoperiod with a temperature of 10 °C
(night) and 20 °C (day). All trays were watered daily from below with tap
water. Seedling emergence was recorded weekly from May 2008 to
February 2009. Seedlings were removed soon after emergence, planted in
new pots and identiﬁed to species level.
Vegetation characterization
Vegetation data were collected in June 2008. Eight permanent quadrats
(two concentric squares 10 × 10 cm and 20 × 20 cm) were located in each
plot. Soil depth was measured at 9 points within each quadrat. These
sampling points correspond to the centre and the corners of two
concentric squares. The mean soil depth by quadrat (9 points measured in
each quadrat) was used to calculate the mean soil depth per block. In the
10 × 10 cm quadrats, total cover of each higher plant species was
estimated by using a scale of ﬁve cover classes, from 0 to 5 (0:0%; 1:≤
5% cover; 2:6–25%; 3:26–50%; 4:51–75%; 5:76–100%) was used.
Statistical analysis
All statistical analyses and ﬁgures were performed in R.59 The seed bank
response variables were number of species, total number of seeds, number
of seeds of each functional group (forbs, grasses and sedges) and number
of seeds of the two most abundant species (H. pulchrum and C.
rotundifolia). GLMMs were ﬁtted using the R-package lme4.59,60 All models
were ﬁtted with precipitation treatment (summer drought, summer rainfall
and control), depth of the sample and soil depth as the ﬁxed effects and
block, plot and subplot as a random effect with the Poisson error
distributions. To visualize changes in the seed bank species composition
among treatments, a non-metric multidimensional scaling (NMDS)
ordination was rendered using a Bray-Curtis distance measure. Analyses
were performed using the meta-MDS function in the vegan package in
R.59,61 In addition, the envﬁt function in the vegan package in R59,61 was
run on data to determine if treatment was correlated across the NMDS
ordination. Treatment was ﬁtted as a factor to the NMDS ordination. P
values were estimated from the comparison of correlation coefﬁcients with
those generated from 1000 random permutations of the data.
To compare above-ground vegetation and seed bank similarity we
calculated matrices using the Bray-Curtis distance. To visualize changes in
the species composition among both communities, a non-metric multi-
dimensional scaling (NMDS) ordination was performed using a Bray-Curtis
distance measure. Analyses were performed using the meta-MDS function
in the vegan package in R.59,61 In addition, the envﬁt function in the vegan
package in R59,61 was run on data to determine if treatment was correlated
across the NMDS ordination. Treatment was ﬁtted as a factor to the NMDS
ordination. P values were estimated from the comparison of correlation
coefﬁcients with those generated from 1000 random permutations of the
data. To avoid differences in sampling scales, for each species seed bank
data were converted to relative abundance and vegetation data to relative
cover. The ﬁrst was calculated, for each treatment, by dividing the total
number of seeds of each species per block by the total number of seeds
recorded in every block. The relative vegetation cover was calculated ﬁrst
by summing the cover class data of each species per block of each
precipitation treatment, then, by dividing this value by the total cover class
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data of all species per block. To compare species richness between seed
bank and vegetation above-ground, GLMs with the Poisson error
distributions were used. Models included the explanatory variables:
precipitation treatments and the number of species above-ground. To
test if the above-ground cover affects seed bank total abundance, GLMs
with the Gaussian errors distributions were ﬁtted to seed bank and
vegetation relative abundance data. Forty-six species recorded above and
below-ground were used in the analysis. Moreover, the effect of above-
ground cover on the number of seeds of the two most abundant species
recorded in the seed bank (H. pulchrum and C. rotundifolia) was also
analysed using GLMs with the Gaussian errors distributions. This analysis
was also based on relative abundance data. Models included the
explanatory variables: precipitation treatments and above-ground relative
abundance. Above-ground cover data of the two most abundant species
recorded in the seed bank (H. pulchrum and C. rotundifolia) were analysed
using GLMs with the Gaussian errors distributions. Models included the
explanatory variables: precipitation treatments and soil depth.
Data availability
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handle.net/10554/21588.
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